In Yokohama Water Works Bureau, the target value for aluminium control in purified water is set to 0.05 mg/L. In this study, we examined the effects of pH and water temperature on the water solubility of aluminium during purification processes, and obtained a solubility curve of aluminium in water based on these parameters. The result indicated that the water solubility of aluminium increases as water temperature or pH increases. In addition, it was calculated from this solubility curve of aluminium in water, that the level of residual aluminium in purified water can be controlled at approx. 0.04 -0.05 mg/L by adjusting pH of coagulated water to approx. 7.1-7.4 depending on water temperature. Furthermore, as a result of pH control according to actual coagulated water temperatures based on this assumption, it was demonstrated that the target value for aluminium control in purified water, (0.05 mg/L) is achievable.
Introduction
Following the revision of WHO Guidelines for Drinking Water Quality (2003) , the Japanese drinking water quality standards was also revised in April 2004. In the new drinking water quality standards, a standard value of 0.2 mg/L was set for the aluminium level in tap water for appearance reasons, including mainly color and turbidity. The WHO Guideline for Drinking Water Quality, on the other hand, sets a guideline value of 0.1 mg/L for the residual aluminium in purified water in large-scale water purification plants where aluminium coagulants are used, and 0.2 mg/L in small-scale water purification plants. This is based on the idea that the causal connection between residual aluminium in drinking water and Alzheimer disease (AD) has not been completely dismissed and that aluminium is suspected to be neurotoxic (WHO, 2003) .
In order to rationally control the residual aluminium level in purified water, it is desirable to set a control level from a model formula based on parameters obtained from related water quality items that are appropriately selected in advance. The water solubility of aluminium is affected by water temperatures and pH. In addition, the pH control at the Yokohama Water Works Bureau is conducted by injecting concentrated sulfuric acid when raw water pH increases due to an excessive growth of algae. For these reasons, we conducted this study aimed at achieving the target value for water quality control regarding the residual aluminium level in purified water (, 0.05 mg/L). For this aim, we examined the effect of water temperatures to the water solubility of aluminium and then set target pH values during water purification according to water temperatures. increases. Accordingly, various problems occur during purification in summer at the Nishiya Purification Plant due to an excessive growth of algae.
In order to deal with such purification problems, the volume of aluminium-type coagulant (Poly Aluminium Chloride: PAC) we need to inject is increasing year by year ( Figure 1 ). In addition, raw water pH was rising each year due to an excessive growth of algae ( Figure 2 ) and the residual aluminium level in purified water was rising.
For these reasons, Yokohama Water Works Bureau set a target value for residual aluminium level control to 0.05 mg/L. In addition, the purification plant has been working on improving the coagulation property of the coagulant and conducting the raw water pH adjustment using concentrated sulfuric acid as residual aluminium control practices. The target value for the raw water pH adjustment was set to 7.3 based on the water solubility of aluminium. However, the residual aluminium level in purified water sometimes exceeded the target control value in summer, particularly when the water temperature was high. For these reasons, we conducted investigations on the PAC injection volume, turbidity rate, and water temperatures, assuming these items may affect the residual aluminium level. The result showed that the residual aluminium level in purified water is significantly affected by water temperatures . From these results, we decided to examine the relationship between the residual aluminium level in purified water and water temperatures as well as pH.
Methodology
Theory and assumption of aluminium water solubility As shown in Figure 6 , various solubility curves have been introduced regarding the relationship between the water solubility of aluminium and pH. It has also been reported that the pH that gives the minimum solubility lies in the weak-acidic region and that pH is an important factor for residual aluminium level controls (Report, 1997; Stumm and Morgan, 1996) .
The solubility of aluminium during purification is considered to lie in the area between case 3 and case 9 among the solubility curves of aluminium in water shown in Figure 6 . The measurement result at distribution reservoir 2, the Nishiya purification plant, shows that the residual aluminium levels in purified water also lie in this region ( Figure 7) .
The variability in the residual aluminium value data is considered to occur due to the shape changes of aluminium that exists in the metastable region, and has been examined in details (Report, 1997) . However, solubility changes may be caused by the effect of water temperature. For this reason, we decided to examine the effect of water temperature on the water solubility of aluminium.
Before starting the examination of the water solubility of aluminium, we hypothesized 'Case N' (Table 1) purification plant is a little lower than case 9, based on the tendency of measured values shown in Figure 7 . The type of aluminium to be examined was determined to be AlðOHÞ 2 4 because the range of pH in the actual purified water is 6.8 or higher. From the equilibrium relationship between AlðOHÞ 3 ðsÞ and Al 3þ in Formula 1:
Therefore, the equilibrium constant K S is;
Also, the equilibrium relationship between AlðOHÞ 2 4 and Al 3þ in the Formula 2 is:
Therefore, the equilibrium constant K is: (1)
Therefore, the concentration of Al 3þ and AlðOHÞ 2 4 are:
When the equilibrium constant at a given temperature T 1 is K 1 , and for obtaining K 2 at T 2 , if the Van Hoff's equation is integrated between two temperatures:
Assuming D r H 0 (standard enthalpy of formulation) may be excluded from the integration if it changes extremely slightly due to temperatures in the temperature region related:
Therefore, the aluminium level at different temperatures can be obtained by assigning the Equation 3) to K S , K and pH in the Equation 2. As shown in Figure 8 , the result of the above examinations showed that the water solubility of aluminium in Case N increases as temperature increases. For example, when pH is 7.5 and water temperature is 5 8C, the aluminium level is about 0.02 mg/L, but when the water temperature is 30 8C, the aluminium level is 0.1 mg/L, about five times higher than it was at the lower temperature. The result indicates that water temperatures, along with pH, serve as an important factor to determine the aluminium level in purified water and that the control factor manageable at a water purification plant is pH. At the time of measurement of the residual aluminium level in water, pH and water temperatures were measured immediately after sample water was collected, in consideration of the relationship between water temperatures and the aluminium level. After that, 10 ml of sample water was promptly taken to a 15 ml polyethylene pipe and 100 mm of nitric acid and hydrochloric acid (TAMAPURE-AA-100 by Tama Chemicals) were added. After 1 hour of heating at 105 8C with a block heater, the sample water was cooled, and then adjusted to 10 ml. This sample water was then measured with an ICP emission spectrophotometer (PerkinElmer Optima 4100DV).
Results and discussion
Target control value of the residual aluminium level Consideration was given to identify an appropriate target value of the residual aluminium level in purified water based on Figure 8 , a graph that shows the relationship between water temperature and water solubility of aluminium. When water temperature is 25 8C and pH is about 6.8, the minimum aluminium level is calculated to be 0.02 mg/L or lower. Theoretically, 0.02 mg/L is achievable as a target value for aluminium level control. However, if pH is adjusted to a higher acidic level, it may adversely affect other water quality properties, such as Langelier's index. Therefore, the actual range of pH at a water purification plant needs to be controlled to 7.1-7.2 or higher. In addition, when pH is within the alkaline range, the solubility may rise rapidly and higher pH may deteriorate the coagulation properties. For these reasons, pH during water purification needs to be controlled to 7.5 or lower.
Therefore, the adjustment range of pH during actual water purification is about 7.1 -7.5. Considering the fluctuation range of water temperature, the range of an appropriate aluminium level is considered to be about 0.02-0.04 mg/L. Furthermore, because the actual residual aluminium level is affected by various factors including organic matters and turbidity, an appropriate target value of the residual aluminium level in purified water will be 0.04-0.05 mg/L.
Target value for pH control
The result shown in Figure 8 indicates that pH needs to be controlled according to water temperatures in order to achieve the target value for the residual aluminium level in purified water. As one of the methods to control pH, an automatic control with Equations 2 and 3 incorporated in a control device may be used. However, as mentioned before, the residual aluminium level in purified water is affected by various factors. Even when pH is strictly controlled the intended result may not be able to be obtained due to, for example, the insufficient accuracy of a pH control device. For these reasons, consideration was given of a pH control method that can be conducted more easily, where water temperatures are divided at certain points, and a pH target value will be set for each water temperature range. When replacing the X axis in Figure 8 with water temperature, Figure 9 , which shows the relationship between the water temperature corresponding to each pH and the aluminium level, can be obtained. Considering an appropriate target value of pH based on this figure, in the case that the target value of residual aluminium level is set to 0.05 mg/L, an appropriate target value of pH in purified water will be about 7.4 when the water temperature is 15 8C or lower, pH 7.2-7.3 when water temperature is 15 -25 8C, and pH 7.2 or lower when water temperature is 25 8C or higher. As shown in Figure 10 , the residual aluminium level in purified water at the Nishiya purification plant was 0.07 mg/L on average and 0.27 mg/L at maximum when pH control was not conducted. However, with pH control, the residual aluminium level in purified water lowered to 0.03 mg/L on average and 0.05 mg/L at maximum. Figure 11 is a graph of residual aluminium level measured after pH control is carried out during water purification, along with a theoretical calculated value obtained from Equations 2 and 3. The maximum difference between the measured value and the calculated value is 0.012 mg/L, which demonstrates that measured values conform to theoretical values sufficiently. 
